Background. Epidemiological studies have suggested a survival benefit for hemodialysis patients on paricalcitol or calcitriol, but nutritional vitamin D supplementation of patients already on vitamin D receptor (VDR) activators is controversial. Methods. This observational retrospective cohort study was conducted with prospectively collected data from all consecutive patients with chronic kidney disease (CKD) who underwent hemodialysis under routine clinical practice conditions for two years. Results. Of the 129 patients, 89 were treated with calcidiol, paricalcitol, and/or calcitriol. The patients with any vitamin D formulation had higher serum concentrations of 25-hydroxy vitamin D and fibroblast growth factor-23 and tended to have higher mortality rates (42% vs. 25%, p = 0.07). On subgroup analysis, any calcidiol treatment or calcidiol combined with paricalcitol associated with significantly higher mortality rates than no treatment (47% and 62.5%, p = 0.043 and 0.008, respectively). The association between calcidiol/paricalcitol treatment and elevated mortality remained significant after adjusting for age, sex, diabetes, C-reactive protein, and hemodialysis vintage. Any calcidiol and calcidiol/paricalcitol treatment exhibited a dose-response relationship with mortality (p for trend: 0.002 and 0.005, respectively). Conclusions. These data draw attention to the hitherto unexplored safety of calcidiol supplementation in patients on hemodialysis, especially in those already on vitamin D. Until clinical trials demonstrate the safety and efficacy of this approach, caution should be exercised when prescribing these patients ≥0.5 calcidiol mg/month.
Introduction
Patients with chronic kidney disease (CKD) and end-stage renal disease (ESRD) frequently exhibit vitamin D deficiency (defined as serum 25-hydroxy vitamin D levels of <15 ng/mL) or insufficiency (defined as serum 25-hydroxy vitamin D levels of <30 ng/mL) [1] . Several studies also show that low serum 25-hydroxy vitamin D levels in ESRD patients associate with higher all-cause mortality rates [2, 3] . Accumulating epidemiological evidence also supports the hypothesis that vitamin D deficiency may contribute to the very high mortality risk of hemodialysis patients [4, 5] . In particular, hemodialysis patients with severe vitamin D deficiency have an increased risk of cardiovascular mortality; however, they are not at increased risk of non-cardiovascular mortality [6] . Higher 25-hydroxy vitamin D levels in patients with CKD associate with significantly higher survival [7] , and a meta-analysis based on observational studies showed that therapy with 1,25-dihydroxyvitamin D and its analogs associated with reduced mortality in CKD patients, especially in patients with secondary hyperparathyroidism [8] . However, it remains to be established whether vitamin D supplementation could improve the mortality rates in patients with CKD and cardiovascular disease because a meta-analysis of 51 randomized clinical trials on the ability of vitamin D to prevent various cardiovascular outcomes in the general population showed that this therapy had no overall benefit associated with supplementation [9] . Similarly, a 2017 systematic review and meta-analysis of the existing randomized controlled trials on the effect of vitamin D supplementation on mortality in CKD found that these trials did not clearly support the notion that this therapy reduced the mortality of patients with CKD [10] .
It is important to clearly determine the role of vitamin D supplementation in CKD management because vitamin D overdosing can occur, especially in patients who are prescribed several vitamin D formulations or analogs simultaneously. As pediatricians are well aware, vitamin D overdosing can be deleterious [11] . Hypercalcemia is the hallmark of vitamin D intoxication. While it generally only occurs when the circulating 25-hydroxy vitamin D levels are consistently above 150 ng/mL [12] , recent reports have led to concern that lower concentrations can lead to subclinical intoxication that is associated with adverse outcomes [12, 13] such as dose-dependent effects on soft tissue calcification [14, 15] , hyperphosphatemia, hypercalcemia, increased matrix metalloproteinase levels, medial calcification, arterial stiffness, and left ventricular hypertrophy [16] . These risks of nutritional vitamin D overdosing may be particularly magnified in hemodialysis patients because they lack kidney regulatory mechanisms, obtain a positive calcium balance after each dialysis session, and are often simultaneously being treated with vitamin D receptor (VDR) activators. In this context, a recent small trial (30 patients) showed that low dose cholecalciferol (25 000 IU every 2 weeks) therapy for 1 year was safe in hemodialysis patients, some of whom were also receiving VDR activators. In particular, the therapy did not adversely affect the calcium, phosphorus, or parathyroid hormone (PTH) levels or promote vascular calcification [17] . However, the trial was too small and short to confirm the long-term safety of this approach. In addition, the trial was on cholecalciferol, whose pharmacology differed from that of calcidiol (25-hydroxy vitamin D), which is the nutritional vitamin D supplement that is recommended by the Spanish Society of Nephrology (SEN) CKD-MBD guidelines for increasing the serum 25-hydroxy vitamin D levels to >30 ng/mL [18] .
The present observational retrospective cohort study was conducted to assess the association between different vitamin D therapies (calcidiol, calcitriol, and/or paricalcitol) with mortality in hemodialysis patients in a routine clinical practice setting.
Materials and Methods

Patient Population
This observational retrospective cohort study was conducted according to the tenets of the Declaration of Helsinki and its revisions and was approved by the Ethics Committee of Research of University Hospital Fundación Jiménez Díaz (FJD-07-12). All participants signed the informed consent.
The study population consisted of all consecutive patients with CKD who underwent hemodialysis for two years in our academic tertiary care center (University Hospital Fundación Jiménez Díaz) in Madrid, Spain. Patients were included if they were stable adults (age >18 years) who were capable of informed consent and were on chronic hemodialysis, had a dialysis vintage of >6 months, and had a life expectancy of >6 months. Patients were excluded if they did not consent, had positive serology for hepatitis B surface antigen, hepatitis C virus, and/or human immunodeficiency virus, or had a life expectancy of <6 months. Patients transplanted during the study were also excluded.
All patients were treated according to routine clinical practice. All underwent conventional hemodialysis, thrice weekly for 4 hours, using a high-flux helixone dialyser (Fresenius; CUF, The variables that were retrieved retrospectively from the medical records of the patients included analytical and nutritional variables and mortality at the end of the two-year observational period. Overall mortality was the primary study outcome. All data were prospectively collected.
Biochemical Variables
Biochemical variables were measured using an ADVIA CENTAUR 2400 autoanalyzer according to the manufacturer's protocols. FGF-23 (C-terminal) was determined by ELISA (Immu-topics, USA) using two polyclonal antibodies that were specific for the C-terminus of FGF-23 (the intra-assay and inter-assay coefficients of variation were <1.7% and <3.5%, respectively; test sensitivity was 1.5 RU/mL). PTH was measured using a second generation electrochemiluminescence method with an Elecsys autoanalyzer (Roche). Total 25-hydroxy vitamin D (D2 and D3) levels were determined by electrochemiluminescence in an Elecsys autoanalyzer (Roche).
Statistical Analyses
The Kolmogorov-Smirnov test was used to assess the normality of the data. For variables with normally distributed data, the mean and SD was calculated and a Student's t-test was used to compare patient groups. For variables with non-normally distributed data, the median and interquartile range was calculated and the Mann-Whitney U test was used to compare patient groups. To compare the vitamin D treatment groups in terms of mortality rates, the Chi-squared test or Fisher's exact test was used. Mortality comparisons of patients who did not receive vitamin D with patients who received a combination of calcidiol and paricalcitol were adjusted by several potential confounders. These adjustments were made using logistic regression models.
In total, 129 patients who were undergoing hemodialysis in a single center were monitored for changes in analytical and nutritional variables and mortality during two years of follow-up. Table 1 shows the general characteristics of the study population at baseline (the start of the two-year observational period). The age and sex distribution of the cohort were consistent with the demographics of the general hemodialysis population in Spain [19] . Vitamin D therapy, defined as any vitamin D or Vitamin D receptor activator (calcidiol, calcitriol, or paricalcitol) formulation, was prescribed in 89 of the 129 (68.9%) patients at baseline. The patients on any vitamin D therapy did not differ significantly from the patients who were not on vitamin D therapy in terms of age, sex, or prevalence of diabetes ( Table 1 ). The two groups also did not differ in terms of serum C-reactive protein (CRP), albumin, and hemoglobin (Hb) levels. However, the two groups did differ significantly in terms of several mineral and bone metabolism variables. Specifically, the patients on any vitamin D therapy had significantly higher 25-hydroxy vitamin D levels than the patients who were not on vitamin D (mean ± standard deviation [SD]: 30.26 ± 17.16 vs. 17.36 ± 9.77 ng/mL; p < 0.001). They also had significantly higher serum fibroblast growth factor (FGF)-23 levels (median [interquartile range]: 1207 (3367) vs. 603.5 (919.2) RU/mL; p < 0.043). The two groups did not differ in terms of serum PTH, phosphate, or calcium levels. Table 2 shows the mortality of the patients who received the different vitamin D formulations (calcidiol, calcitriol, and/or paricalcitol) alone or in combination. Prescription of any vitamin D therapy tended to associate with higher mortality in the hemodialysis patients. Specifically, at the end of the two-year study period, 41.6% of the patients on any vitamin D therapy died whereas only 25% of the patients who were not on vitamin D therapy died (p = 0.07) ( Table 2 ). Subgroup analysis then showed that the calcidiol/paricalcitol combination group had a significantly higher mortality rate (10/16, 62.5%) than the patients who were not on vitamin D (10/40, 25%; p < 0.008). A sensitivity analysis in which all patients who received a specific vitamin D formulation (either alone or in combination) were grouped showed that patients on calcidiol, either alone or in combination, had a significantly higher risk of death (27/57, 47.4%) than the patients who were not treated with vitamin D (10/40, 25%; p < 0.043). However, patients on any calcitriol combination and on any paricalcitol combination also had mortality rates that exceeded 40% (Table 2) . In addition, the increased risk of death in patients on calcidiol (alone or in combination) or in patients on calcidiol in combination with paricalcitol exhibited a significant dose response (p for trend: 0.002 and 0.005, respectively; Figure 1 ). By contrast, of the patients on any vitamin D formulation, patients on paricalcitol alone had the lowest mortality rate (5/21, 23.8%). (Tables 2 and 3 ). The patients on any paricalcitol also had significantly higher serum calcium levels than the patients who were not on vitamin D therapy. This was largely due to the patients on paricalcitol plus calcidiol, who had the highest serum calcium levels of all treated groups ( Table 3 ). The patients receiving any paricalcitol also had significantly higher FGF-23 levels than the patients who were not on vitamin D. It should be noted that Chonchol M et al. found that high FGF-23 levels and low 25-hydroxy vitamin D levels were associated with higher mortality in hemodialysis patients [20] . However, it is unlikely that high FGF-23 and/or low 25-hydroxy vitamin D levels explain why patients on any vitamin D therapy, especially patients on calcidiol alone or in combination with paricalcitol, had higher mortality rates: Although patients with FGF-23 levels that were above the median (825 RU/mL) did tend to have a higher mortality rate (28/64, 43.75%) than patients with lower-than-median FGF-23 levels (18/63, 28.6%), this difference did not achieve statistical significance (p = 0.075). Moreover, the patients with 25-hydroxy vitamin D values above or below the median (23.3 ng/mL) did not differ in terms of mortality rates (data not shown).
Results
Subgroup analyses of the patient groups who received calcitriol, calcidiol, and/or paricalcitol also showed that those with above-median levels of FGF-23 did not have higher mortality rates than those with below-median levels of FGF-23 (Table 4 ). Analysis of the serum levels of 25-hydroxy vitamin D in the different subgroups of patients on vitamin D showed that the patients on any vitamin D (including calcidiol, and combinations) had significantly higher levels of 25-hydroxy vitamin D (p < 0.001) than the patients who were not on vitamin D (Tables 2 and 3 ). The patients on any paricalcitol also had significantly higher serum calcium levels than the patients who were not on vitamin D therapy. This was largely due to the patients on paricalcitol plus calcidiol, who had the highest serum calcium levels of all treated groups ( Table 3 ). The patients receiving any paricalcitol also had significantly higher FGF-23 levels than the patients who were not on vitamin D. It should be noted that Chonchol M et al. found that high FGF-23 levels and low 25-hydroxy vitamin D levels were associated with higher mortality in hemodialysis patients [20] . However, it is unlikely that high FGF-23 and/or low 25-hydroxy vitamin D levels explain why patients on any vitamin D therapy, especially patients on calcidiol alone or in combination with paricalcitol, had higher mortality rates: Although patients with FGF-23 levels that were above the median (825 RU/mL) did tend to have a higher mortality rate (28/64, 43.75%) than patients with lower-than-median FGF-23 levels (18/63, 28.6%), this difference did not achieve statistical significance (p = 0.075). Moreover, the patients with 25-hydroxy vitamin D values above or below the median (23.3 ng/mL) did not differ in terms of mortality rates (data not shown).
Subgroup analyses of the patient groups who received calcitriol, calcidiol, and/or paricalcitol also showed that those with above-median levels of FGF-23 did not have higher mortality rates than those with below-median levels of FGF-23 ( Table 4) .
The patients on a combination of paricalcitol and calcidiol had significantly higher hemodialysis vintage and C-reactive protein levels than the patients who did not receive vitamin D therapy (Table 3) . However, after adjustment for these variables, the association between calcidiol/paricalcitol treatment and higher mortality remained significant (Table 5 ). In addition, the association between mortality and calcidiol/paricalcitol treatment remained significant after adjustment for age, sex, and presence of diabetes at baseline (Table 5) . Hazard Ratio (HR) and p value for mortality in patients on a combination of calcidiol and paricalcitol compared to patients who did not receive vitamin D treatment, after adjustment for the indicated variables using multivariable logistic regression models.
Discussion
The main finding of this study was that, under routine clinical practice conditions, patients on hemodialysis who took calcidiol supplements, especially on top of VDR activators, had a higher risk of mortality than patients who did not receive vitamin D therapy. This safety signal, if confirmed, may require changes to clinical guidelines such as the current SEN CKD-MBD guidelines, which recommend that hemodialysis patients should receive calcidiol supplementation to maintain their 25-hydroxy vitamin D levels above 30 ng/mL [18] .
The present study showed that any vitamin D supplementation in hemodialysis patients tended to be associated with higher mortality. However, the highest mortality was found in patients receiving a combination of calcidiol and paricalcitol. By contrast, patients on paricalcitol alone had the lowest mortality. Thus, calcidiol therapy may explain why any vitamin D supplementation associates with higher mortality. Indeed, we observed that "any calcidiol" (i.e., calcidiol alone or in combination with paricalcitol or calcitriol) exhibited a dose-response association with mortality. This dose response was also observed for patients specifically receiving the calcidiol/paricalcitol combination. This further highlights the possibility that calcidiol treatment contributes to the higher mortality of hemodialysis patients relative to the general population. It should be noted that randomized placebo-controlled trials that explore the effect of calcidiol supplementation on the mortality of hemodialysis patients were not been reported. Thus, from an evidence-based medicine point of view, the safety of calcidiol therapy in hemodialysis patients has not been established.
It should be noted that the patients on calcitriol in the study also had a high mortality. However, the sample size of these patients was too low to reach any meaningful conclusions about the safety of this formulation in hemodialysis patients.
Notably, Wolf et al. [1] showed that, while low 25-hydroxy vitamin D levels in patients with CKD and ESRD were associated with increased mortality, there was a significant interaction between vitamin D levels, subsequent active vitamin D therapy, and survival. Specifically, compared with the patients with the lowest 25-hydroxy vitamin D levels who were untreated, the patients with low 25-hydroxy vitamin D who did receive active vitamin D therapy had a significantly lower risk of early mortality.
The mechanisms underlying the high mortality of the hemodialysis patients on calcidiol remain unclear. We initially speculated that FGF-23 levels may have been involved. This hormone is secreted by osteocytes and osteoblasts and regulates phosphate and vitamin D homeostasis. In CKD, FGF-23 concentrations increase progressively [21] [22] [23] . FGF-23 decreases plasma levels of calcitriol by downregulating its synthesis and enhancing its degradation [21, 23] . High plasma FGF-23 levels are associated independently with endothelial dysfunction, arterial stiffness, left ventricular hypertrophy, progression of renal disease, and mortality and cardiovascular events [24] . In a seminal study, Collins et al. [25] showed that, in patients with hypoparathyroidism or pseudohypoparathyroidism, calcitriol therapy not only elevates serum vitamin D levels, but also increases serum FGF-23 levels. Thus, we asked whether calcidiol therapy elevated mortality by increasing serum FGF-23 levels. We found indeed that, compared with the patients who did not receive vitamin D therapy, patients receiving any vitamin D supplementation had significantly higher serum FGF-23 levels, although the two groups did not differ in serum phosphate, calcium, and PTH levels. However, subgroup analysis then showed that, compared with untreated patients, the patients on any calcidiol treatment did not differ from the patients who were not on vitamin D therapy in terms of FGF-23 or calcium levels, despite the fact that these patients had the highest mortality rates (47.4%). By contrast, paricalcitol treatment alone, which was associated with much lower mortality rates (23.8%), associated with higher serum FGF-23 and calcium levels. Thus, none of the CKD-MBD variables that we explored appeared to explain the association between calcidiol treatment in dialysis patients and increased mortality. It is possible that the increased mortality in the any-calcidiol group may instead relate to subclinical vitamin D toxicity; however, validated diagnostic tools for this toxicity have not yet been developed [12, 13] .
The study has some limitations that should be acknowledged. The sample size was relatively low, and the observational nature of the study precluded any conclusion regarding causality (n = 129). In this regard, while there may be a causal relationship between calcidiol treatment and increased mortality in hemodialysis patients, assessment of causality requires an interventional study and additional explanations are possible. One potential explanation is confusion by indication. In other words, patients who were at a higher risk of death may have been more likely to be prescribed calcidiol, possibly because they had lower serum 25-hydroxy vitamin D levels and such low levels are associated with a higher risk of death. However, this is unlikely because the intervention corrected the low serum 25-hydroxy vitamin D levels: The patients on calcidiol had higher 25-hydroxy vitamin D levels than the patients who were not on vitamin D. Several other potential explanations were excluded by the fact that the calcidiol and untreated patients did not differ in the prevalence of several key predictors of mortality, namely, male sex and diabetes; moreover, the association between calcidiol and mortality remained significant after adjustment for these and other variables.
A key strength of this study is that, since it was performed in a single center, the standard of care was the same for all patients. Another strength was that the data were collected prospectively.
Conclusions
In conclusion, our data draw attention to the hitherto unexplored safety of calcidiol supplementation in patients on hemodialysis, especially in those who are already on some sort of vitamin D therapy. Studies in larger multicenter cohorts that test these findings are warranted. In the meantime, we urge caution when prescribing hemodialysis patients doses of calcidiol that are equal to or higher than 0.5 mg/month (30.000 IU/month).
